Abstract Oxidant solutions of mostly free chlorine can be electrochemically produced on-site from brine (NaCl) solution and used to disinfect water at the household or community level. In this study electrochemical oxidant (ECO) from brine and free chlorine were evaluated under laboratory conditions for inactivation of test microbes. Purified suspensions of Escherichia coli, the rugose strain of Vibrio cholerae, Clostridium perfringens spores, MS2 coliphage and Cryptosporidium parvum oocysts were treated with 2 mg/L or 5 mg/L solutions of ECO or free chlorine at 5°C and 25°C and pH 6, 8, and 10 (pH 7 and 25°C only for C. parvum oocysts) for contact times <60 min. Under nearly all conditions, inactivation kinetics were more rapid for E. coli, V. cholerae, C. perfringens spores and MS2 coliphage with ECO than with free chlorine. ECO reduced E. coli, V. cholerae and MS2 by >4 log 10 within 30 min and C. perfringens spores by >2 log 10 within 10 min at pH 8 and 25°C. Contrary to previous results, however, C. parvum oocysts were not inactivated by ECO, and the reasons for this difference are uncertain. The on-site electrolytic generation of oxidants from brine provided a convenient and inexpensive disinfectant containing free chlorine that was effective against many enteric microbes, for the treatment of household and community drinking-water supplies worldwide. However, the effectiveness of such oxidants for inactivating C. parvum oocysts was variable and sometimes ineffective.
Introduction
Disinfection is the final, and in some cases the only, barrier against waterborne pathogens. Yet the availability of chemical disinfectants is limited in many parts of the world, due to lack of production facilities, transportation limitations and high cost. It has been known for many decades that chlorine, perhaps mixed with other oxidants, can be generated on-site by the electrolysis of a solution of sodium chloride (brine). Using direct-current electrical energy, such an oxidant disinfectant can be produced on-site at a low cost in remote locations and used to disinfect both community and household water supplies. The electrolytic generator uses a cell consisting of titanium electrodes coated with Group VIII metal oxides separated into anodic and cathodic compartments. As "dimensionally stable anodes", they are highly resistant to corrosion and have a low potential for over-voltage. This design allows for the production of chlorine and perhaps other aqueous oxidants at the positive anode, and reductants at the cathode by the electrolysis of the brine solution. The actual concentration and proportion of chlorine and perhaps other oxidant species is a function of the cell design and anode material, as well as the purity and concentration of salt. Water quality, such as pH, organic matter and temperature, also will influence the presence of different oxidant species. The objectives of this study were to compare the inactivation kinetics of V. cholerae, MS2 coliphage, E. coli, and C. perfringens spores and C. parvum oocysts exposed to an electrolytic oxidant solution or sodium hypochlorite and to determine disinfection efficacy when applied to waters differing in pH, temperature, and humic acid content. 
Methods and materials
Chlorine demand-free water, disinfectants and disinfectant analysis Chlorine demand-free (CDF) water, buffers and glassware were prepared as previously described (Sobsey et al., 1988; Venczel et al., 1997; Casteel et al., 2000) . A stock solution of electrochemical oxidants (ECO) was produced using a MIOX disinfection unit (6 volt brine pump system) under the conditions specified in the manufacturer's technical guide (Venczel et al., 1997; Casteel et al., 2000) . The ECO solution was immediately captured from the analyte via polypropylene tubing in demand-free vessels and analysed for oxidant concentration prior to and during the experiments. The sodium hypochlorite was commercial household bleach solution (5.25% free chlorine) diluted in CDF buffers. Both ECO and free chlorine concentrations were measured by the standard N,N-diethyl-p-phenylenediamine (DPD) colorimetric method. Stock solutions of ECO and free chlorine were diluted in CDF buffers at the desired pH levels to target concentrations of 2 mg/L and 5 mg/L. E. coli and V. cholerae preparation and assay E. coli (enterotoxigenic strain 0148:H28; Dr Joy Wells, CDCP, Atlanta, USA) and V. cholerae (rugose variant; Dr Eugene Rice, USEPA, Cincinnati, USA) were grown overnight at 37°C in tryptic soy broth and washed 3× PBS by centrifugation at 4,000×g for 12 min. Viable E. coli was enumerated by a spot plate assay incorporating a repair (resuscitation) step in which replicate 0.01 mL volumes were spotted onto plates of tryptic soy agar. Plates were incubated for 2 h at room temperature and then overlaid with 10 mL of violet red bile agar and incubated at 37°C for 24 h. Viable V. cholerae were enumerated by a similar repair plating technique using tryptic soy agar overlaid with thiosulphate-citratebile-sucrose agar (TCBS).
Coliphage MS2 preparation and assay
Coliphage MS2 (ATCC 15597-Bl) was grown, prepared as monodispersed stock virus and assayed by the top agar plaque method in E. coli C3000 (ATCC 15597), as previously described (Sobsey et al., 1988) .
C. perfringens spore preparation and assay C. perfringens was isolated from raw sewage on mCP agar plates incubated in anaerobic jars at 42°C for 18-24 h, and presumptive C. perfringens colonies were confirmed by biochemical testing. Several confirmed C. perfringens colonies were inoculated into Duncan-Strong Sporulation medium and incubated under anaerobic conditions overnight at 42°C to produce spore crops. The spores were pelleted and washed 3× in PBS by centrifugation at 4,000×g for 12 min. C. perfringens spore suspensions were Gram-stained to confirm the absence of spore aggregation as well as the proportion of vegetative bacteria versus spores. Spore preparations for disinfection experiments contained at least 95% spores and <5% vegetative cells. Samples from disinfection experiments were serially diluted, membrane filtered and assayed on mCP agar as described above.
C. parvum oocysts and infectivity assay C. parvum oocysts were obtained as purified stock from commercial sources, washed, diluted in test waters and assayed for cell culture infectivity in Madin-Darby Canine Kidney cell cultures by epifluorescent microscopy as previously described (Casteel et al., 2000; Shin et al., 2001) .
Experimental methods
The general procedures for the disinfection experiments were as previously described L.V. Venczel et al. (Sobsey et al., 1988; Venczel et al., 1997; Casteel et al., 2000) , with the following additions or modifications. Chlorine or ECO solutions were prepared to final concentrations of 2 mg/L or 5 mg/L. Test microbes were added to reaction vessels to give about 10 5 infectious units/mL, except for C. perfringens spores which were at 10 4 /mL. Experiments with bacteria and MS2 phage were performed in phosphate-buffered CDF water at pH 6, 8 and 10 and at both 5°C and 25°C. Experiments in buffered water at 25°C and pH 8 were repeated with the addition of 4 mg/L humic acid. Experiments with C. parvum oocysts were done in CDF buffer at pH 7 and 25°C. Experiments were done by adding stock suspensions of test organisms in CDF buffer to achieve target concentrations of 10 4 -10 5 infectious units/mL. Test solutions of the disinfectants were prepared at the desired pH and target concentration of 2 mg/L or 5 mg/L in CDF glass vessels with Teflon stir bars.
Data presentation and analysis
Disinfection data as infectious units/mL were calculated as average values from duplicate or triplicate cultures. For each time point, the average microbe concentration (N t ) was divided by the mean value of the microbe concentration of the controls (N o ). These values were then log 10 -transformed (log 10 [N t /N o ]) and the values averaged for each set of replicate experiments. To compute the estimated time for 99.99% microbial inactivation, linear regression was performed on the averaged experimental results from uncensored data points and the time estimated from the best fit of the regression equation.
Results and discussion ECO and free chlorine inactivation of test bacteria and coliphage MS2
The results for inactivation of E. coli, V. cholerae, C. perfringens spores and coliphage MS2 by 2 mg/L doses of ECO and free chlorine in pH 6, 8, and 10 buffered waters at 5°C and 25°C are summarised in Tables 1 and 2 , respectively, as estimated times for 4-log 10 or 99.99% inactivation. Only 2-log 10 or 99% reductions are shown for C. perfringens because first-order linear regression estimations of 4-log 10 inactivation times were not appropriate for downward extrapolation due to retardant die-off kinetics.
At 5°C, the ECO solution required shorter contact times than free chlorine to achieve 4-log 10 or 2-log 10 inactivation times of test microbes under all test conditions. Table 2 contains 4-log 10 or 2-log 10 inactivation times for the same test microbes under the same pH conditions at 25°C. At this temperature, all test microorganisms exhibited more rapid inactivation by mixed oxidants than by free chlorine, with the exceptions of E. coli at pH 6 and V. cholerae at pH 10. However, in these two cases the estimated 4-log 10 inactivation times between free chlorine and ECO were very rapid (no more than 2.1 min) and they differed by no more than 0.2 min. The greater microbial inactivation by ECO than by free chlorine was apparent for C. perfringens spores, with 2-log 10 inactivation times of 50-71 min and 83-168 min respectively. The effect of a 4 mg/L concentration of humic acid in buffered water at pH 8 and 25°C on the inactivation of the test organisms is shown in Table 3 as 4-log 10 or 99.99% reductions. Similar to the results of previous experiments in buffered water without humic acid, ECO generally produced more rapid inactivation of all microbes compared to free chlorine. For both E. coli and MS2, the estimated times for 4-log 10 inactivation were longer in test water containing humic acid than in previous experiments performed under the same conditions without added humic acid.
In contrast to the longer inactivation times of E. coli and MS2 by ECO and free chlorine in water containing humic acid than in water without humic acid, inactivation times for C. perfringens spores by mixed oxidants and free chlorine were somewhat shorter in the water with humic acid (52 min and 113 min) than in water without humic acid (70 min and 168 min). The reason for these apparent differences in inactivation kinetics in the presence of humic acid for C. perfringens spores compared to the other organisms tested is not known.
Overall, all test bacteria and coliphage MS2 were inactivated more rapidly by ECO than by free chlorine under nearly all conditions tested. E. coli, V. cholerae, and coliphage MS2 were inactivated to their detection limits (>4 log 10 or >99.99%) by 60 min under nearly all conditions tested. However, C. perfringens spores were inactivated by no more than about 1-2 log 10 (90-99%) in 60 min; they exhibited inactivation kinetics that became progressively retardant with the slope of the inactivation curve approaching a value of zero.
To further compare the inactivation of the test microbes by ECO and free chlorine, the paired estimated times for 4-log 10 inactivation of E. coli, V. cholerae and coliphage MS2 and Table 2 Mean time (min) required for 4-log 10 and 2-log 10 (C. perfringens) inactivation by 2.0 mg/L free chlorine or ECO solution at 25°C* for 2-log 10 of C. perfringens spores under all test conditions were subjected to analysis by the non-parametric Wilcoxon signed-rank test. The two-tailed p value was significant (<0.0001), indicating that ECO inactivation was significantly greater than free chlorine inactivation.
ECO and free chlorine disinfection of C. parvum oocysts C. parvum oocysts in buffered CDF water at pH 7 and 25°C were exposed to 5 mg/L doses of either ECO or free chlorine for <90 min. ECO and free chlorine residuals were relatively stable during this exposure period, with 3.2 mg/L and 3.5 mg/L concentrations remaining at 90 min. In a series of three replicate experiments, the log 10 reductions of C. parvum oocyst infectivity by ECO and free chlorine were 0.17 and 0 at 30 min, respectively, and 0 and 0.12 at 90 min respectively. Essentially, there was no inactivation of C. parvum oocysts by 5 mg/L doses of either ECO or free chlorine. These results were in contrast to previous experiments in which there had been appreciable reductions of C. parvum oocyst infectivity by 1-5 mg/L doses of ECO and essentially no reductions of C. parvum oocyst infectivity by free chlorine (Venczel et al., 1997; Casteel et al., 2000) . There was no clear reason for this apparent difference in results for inactivation of C. parvum oocyst infectivity by ECO, as the same electrolytic generator and similar ECO production and experimental use conditions were employed in both the previous and current studies. It was fully expected that free chlorine would not inactivate C. parvum oocyst infectivity under the conditions used in these studies, as has been repeatedly demonstrated in previous studies by ourselves and others.
The inactivation of C. parvum oocyst infectivity by ECO observed in our previous studies was attributed to oxidant species other than the free chlorine produced by the electrolytic generator. Therefore, we hypothesise that other oxidant species besides free chlorine thought to be responsible for the inactivation of C. parvum oocyst infectivity were produced inconsistently by the generator or, if they were produced, they were of variable composition and stability in water. Regardless of the reason, it appeared that electrolytic generation of oxidant from brine could not be relied on to consistently produce oxidants capable of inactivating the infectivity of C. parvum oocysts.
Conclusions
ECO, a simple and inexpensive water disinfectant that can be produced and used in the field for community and household water treatment, was tested in parallel with free chlorine for microbial inactivation at doses of 2 mg/L and 5 mg/L. At a dose of 2 mg/L, E. coli, rugose strain V. cholerae, coliphage MS2, and spores of C. perfringens were inactivated more rapidly by ECO than by free chlorine under nearly all conditions tested. Humic acid resulted in slower rates of inactivation of most test microbes than in the same buffered water without humic acid. C. parvum oocysts were not inactivated by either ECO or free chlorine, suggesting the absence of oxidants in ECO capable of C. parvum oocyst inactivation under the test conditions employed.
However, the convenience and practicality of on-site generated ECO disinfection, combined with its superior capability of inactivating a variety of microbes under a wide range of water-quality conditions, make the use of this technology an attractive alternative to chlorine and other chemical disinfectants used in drinking water, especially in remote areas and at the household level.
